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EXTENDED OPERATION OF TURBOJEI ENGINE WITH PENTABORANE

By James W. Useller and William L. Jones

SUMMARY

A full-scale turbojet engine was operated with pentaborane fuel
continuously for 22 minutes at conditions simulating flight at a Mach
number of 0.8 at an altitude of 50,000 feet. Thils period of operation
is approximately three times longer then previously reported operation
times.

Although the specific fuel consumption was reduced from 1.3 with
JP-4 fuel to 0.98 with pentaborane, & 13.2-percent reduction in net
thrust was also encountered. A portion of this thrust loss 1s poten-
tially recoverable with proper design of the engline components. The
boron oxide deposition and erosion processes within the engine approached
en equllibrium condition after epproximately 22 minutes of operation with
pentaborane.

INTRODUCTION

Pentaborane has been considered for use as a turbojet-engine fuel
to improve the specific fuel consumption and thus provide an increase in
the range of high-speed alrcraft. The altitude performance of & full-
scale turbojet engine using penteborane is reported in reference 1. The
limited availabllity of pentaborane restricted the test period of refer-
ence 1 to only 6 minutes of continuous operation with pure pentaborane.
Although a substantial improvement in specific fuel consumption was re-
ported over thet for & hydrocarbon fuel, large quantlities of boron oxide
were deposited on the engine components and produced a deterioration of
the engine thrust and component performence with increasing operation
time.

The short duratlion of the investigation of reference 1 made possible
only a limited understanding of the decrease in performance with the
deposition of boron oxide on the engine components. It was, however,
speculated that the deposition and ercsion processes of the oxide in the
engine might reach an equilibrium condition. The rate of deposition
would then equal the rate of erosion, and the engine performance would
remain relatively constant with continued operation. . ig
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The investligation reported herein was conducted at the request of
the Bureau of Aeronautics, Department of the Navy, to study the rate of -
engine performance deterioration with boric oxide deposition from the
use of pentaborane and to determine whether an equilibrium condition
would be reached between the deposition and erosion of the oxlde. Suf-
Ticient pentaborane was accumulated to permit continuous operation for
22 minutes. The engine was operated in an altitude test chamber of the
NACA Lewis laboratory at a Reynolds number index simulating flight at an
altitude of 50,000 feet and a Mach number of 0.8. The data presented
herein demonstrate the effect of extended operation with pentsborane on
the engine component and over-all performance. Photographs of-the oxlde
deposits on the major engine components are also included.

8L

APPARATUS
Engine

A schematic disgram of the englne used in this investlgation is
shown in figure 1. The engine consisted of a l2-stage axisl-flow com-
Pressor, elght tubular combustion chambers, and a single-stage turbine.
A varilable-area exhaust nozzle permitted operation at the maximum al-
lowable turbine-outlet gas temperature of 1250° F and rated engine ro-
tational speed. The fuel nozzlees and the combustor liners were modified.
A speclal fuel nozzle of the air-atomlzing type was installed in the up-
stream end of each combustlon chamber. The fuel nozzles contained a
passage for JP-4 fuel in additlon to that for pentaborane. A schematic
diagram of the fuel nozzle is shown in figure 2.

Previous operation of this engline with pentaborane produced high
temperatures at the root of the turbine blades. Therefore, the flow area
of nine holes in the downstream end of each combustion linexr was increased
to alter the temperature pattern at the face of the turbine, It was in-
tended that the blade root temperatures would be lowered to values con-
gigtent wlth the standsrd temperatures as determlned by stress limitatlons
of the turbine.

Fuel System

The pentaborane fuel system was pressurized with helium forcing the
fuel from a tank through a metering device into the special fuel nozzles
in the engine. Provision was made for purging the penteborane fuel lines
following operation with JP-4 fuel and helium to reduce the handling
hazeards.
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Fuel Properties

Penteborane of approximstely 99-percent purity was supplied by the
Bureau of Aeronautics for this investigation. The penteborane properties
are as follows:

Molecular welght . « ¢« ¢« ¢« ¢ ¢ ¢ ¢ 4 & & « « « o o s « s o o o o « 63.17
Melting Poimb, OF v v v v ¢ v v v e o o o o o o o o o o a o« o o o . =52
Bolling point at 760 mm HE, OF . v « &« & « « & = o = « « & o « =« « « 136
Lower heat of combustion, Btu/lb . . . . « « « + « « = « + . . . 29,127
Specific gravity at 320 F . . . . . . . 4 4 4ttt e e e e . . . 0.644
Stolchiometric fuel-air ratio . . . « ¢« ¢ ¢ ¢ &+ ¢ ¢« ¢« ¢« » « « «» 0.0764
Pounds of boron oxide per million Bbu . . « ¢ ¢ ¢ ¢« ¢ ¢ ¢« ¢ « « « « 94
Instrumentation

Location of the instrumentation stations and the amount of instru-
mentation at each station are shown in figure 1. The total-pressure
probes at the combustor outlet and in the tailpipe were of the purge type
in order to prevent contamination and pluggling by the boric oxide. En-
gine alrflow was messured at the engine inlet (station 1). The fuel flow
wasg measured by & rotating-vane flowmeter.

PROCEDURE

The engline operating conditions were establlished with JP-4 fuel to
simulate £flight at a Mech number of 0.8 at an altitude of 50,000 feet.
After the engine had reached equilibrium conditions, a transition was
made in engine fuel from JP-4 to pentaborane. Englne performance data
were collected at 30-second intervals. Engine speed and exhaust-gas tem-
perature were malntained nearly constant at rated conditions by varying
the fuel flow and exheust-nozzle area. The duratlon of operation with
pentaborane was 22 minutes. '

Following the pentegborane operation, the engine was inspected, and
the boron oxide deposits were photographed. After the ingpectlon, the
deposits were dilssipated by operaltion with JP-4 fuel.

In order to eliminate the data scatter caused by small deviations
in establishing operating conditions of lnlet temperature and pressure
and exhaust pressure, the data have been adjusted toc a condition which
corresponds to a simulated altitude of 50,000 feet and a flight Mach
number of 0.8. In addition to the minor pressure and temperature ad-
Justments necessary to establish NACA standard altitude conditions, the
engine total-temperature retlo was adjusted to a constant value of 3.3
to eliminate deviations in inlet temperature. The engine pressure ratio
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was also adjusted in accordance with the temperature ratio. The unad-
Justed data as teken during the investlgation are presented in tabuler
form in table-I. Appendix A contains a list of the symbols used herein,
and the method of calculation employed is glven in sppendix B.

RESULTS AND DISCUSSION

Oxide Formation and Deposition

8¥Le

The combustlon of boron compounds results in the formation of boron
oxide, which is a viscid fluid at a temperature of 1100° F, solidifies
at lower temperatures, and vaporizes at much higher temperetures. Dur-
ing the 22 miputes of operation of this investigation, approximetely 300
pounds of pentaborane were consumed by the engine, and sbout 830 pounds
of boron oxide were formed. The meajor portion of the oxide was carried
off in a ligquid state by the gas stream, bulb significant amounts were
condensed and deposited on the relatively cool metal surfaces of the
engine.

Exemination of-the engine fuel nozzles revealed that deposits had
formed on the tlips of some of the nozzles. The photograph in figure 3
shows the type of formation encountered. These deposits were relatively
hard and appeared to be a mixture of boron and boron oxide. Because the
loceation of deposits altered the fuel sprey pattern emitting from the
nozzle, it is believed that the fuel was able to strike the walls of the
combustor liner and thereby increasse the severity of-deposition in the
combustor.

The deposite collected in the engine during this investigation were
relatively light (fig. 4). Figure 4(a) shows the comparatively severe
deposite that were formed when the fuel nozzle accumuleted deposits,
while figure 4(b) exhibits a relatively clean combustion chamber. Al-
though the oxide deposition in the engine combustor may be a function of
several factors, small-scale tests (ref. 2) demonstrated that the pre-
dominant one is the spreying of the fuel on the combustor-liner walls,

The deposits encountered on the engine spark plugs are shown in fig-
ure 4(c). These deposits presented no obstacle to subsequent reignition
of the engine. The deposits that collected on the combustor-turbilne
transition section and on the turbine rotor are shown in figures 4(d) and
(e}, respectively.

The major portion of the-deposited oxlde was found in the englne
tailpipe downstreem of the turbine (fig. 4(f)). The tendency of the de-
posited boron oxlde to flow like a highly wviscid fluid may be seen 1in -
the formations in the tallpipe. The deposits also formed on the exhaust
nozzle (fig. 4(g)) and tended to flow downstream from the engine with the
gas stream.
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The distorted fuel-spray pattern caused by the deposits on the fuel
nozzles, in additlion to increasing the deposit formation in the combustor
and disturbing the airflow through the combustor, shilfted the fuel dls-
tribution and caused &a distorted fuel-gir pattern and s resulting shift
in the combustor-outlet temperature profile. This shift in tempersture
profile had an effect on the turbine-inlet temperature profile. Figure
5 shows the locel temperature profiles measured at the turbine inlet
downstream of two combustors. The fuel nozzle of combustor A was coated
with the oxide deposit shown in figure 3.

Effect of Deposits on Component Performence

The accumulation of boron oxlde deposlts on the surfaces of the en-
gine affects the performance of the components of the engine, but fortu-
nately appreciasble quantities of the deposits are eroded by the gas stream
through the engine. The net result of erosion and deposlition on the com-
ponent performance is shown in figures 6 to 9.

The combustion efficiency and average combustor total-pressure loss
(fig. 8) did not significantly deviate from those obtained during oper-
ation with JP-4 fuel, nor dld they very during prolonged operation with
penteborane. The pressure drop through the turbine increased, es may be
seen from the increasing turbine pressure ratio of figure 7. After about
14 minutes the pressure ratio reached an equilibrium condition and leveled
off. The turbine efficilency (fig. 7} exhibited a gradusl decrease from
83 percent with JP-4 fuel to a minimm of 79 percent after 22 minutes of
operetion with penteborane.

In an effort to understand qualitatively the effect of the oxide on
turbine operation, a motion picture was made of the turblne wheel through
& window in the tallpipe during operation with pentsborane. The presence
of the oxide in the gas stream tended to obscure the 1individual frames of
the movie, so that only an artist's sketch based on the movie is shown
herein. The sketch of figure 8 indicates the condition observed down-
stream of the turbine. The molten oxide is believed to flow along the
walls of the primary combustor and through the turbine passages near the
outer wall. Although the boron oxlide is initially dlspersed throughout
the gas stream, the relatively cooler surfaces of the walls promote dep-
ogition of the oxide 1n this region. The high viscosity of the molten
oxide causes it to adhere in spherical form along the walls during flow.

The varletion of the tailpipe total-pressure losses during the use
of pentaborane is shown in figure 9. The increase of these losses wlth
time is similar to the trend shown for the turbine performance in figure
7. The tallpipe total-pressure loss with initial pentaborane operation
is about 7 percent, approximstely 2 percent higher than during operation
with JP-4 fuel. The immediate rise in tallpipe total-pressure loss is
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attributed to the immediste changes in the turblne-outlet, and conse-
quently the tailpipe, Msch number effected by the change in thermodynamic
properties and mass flow of-the exhaust gas when pentaborane is
introduced.

The tailpipe total-pressure loss reached a maximum of 12 percent
after 20 minutes of operation with penteborane, although the rate of 1in-
crease was relatively small after about 14 minutes. This continued
change in tallpilpe pressure loss 1s also the result of changes in the
tailpipe Maech number. During operatlon with pentaborane the tailpipe
Mach number is increased becsuse of the decreased performance of the tur-
bine, as previously discussed. The decreased turbine performence neces-
sitated adjustment of the exhaust-nozzle area to maintain a constant
turbine-cutlet tempersture. Another small increase 1n the tallpipe total-
pressure loss also resulted from the increased coefficient of friction of—
the-wall due to accumulated deposits during operation with pentaborane.
The combination of these effects on the failpipe Mach number is reflected
as the tailpipe total-pressure loss shown in figure 9.

Effect on Over-All Performance

The decrease in turbine and tallpipe performance with accumnlation
of boron oxide may be expected to be reflected by a similar change in
the over-sll performance of the engine. Figure 10 shows the decrease in
engine total-pressure ratlo with extended use of pentaborane. The engline
total -temperature ratio was held constant at a value of 3.3. Equilibrium
was never qulte reached, since the pressure ratio continued to decrease,
although at a decreasing rate, even after 20 minutes of operation.

The net thrust of the engline &s calculated from the exhaust=pressure
and welght-flow measurements is shown in figure 11. An initial decrement
in thrust of about 6.2 percent occurred with pentaborane. With prolonged
use of pentaborane, the net thrust continued to decrease as deposits =ac-
cum:lated in the englne. After about 12 minutes, the rate of deteriora-
tlon of the thrust was less and an equilibrium condition was approached.

The reesons for the thrust loss indicated in figure 1l are shown In
detail in figure 12. They include: (1) The higher heating value of_
pentaborane results in a lower fuel-flow rate for e glven heat release.
Thls 1s reflected as a reduction in mass flow through the turbine and
tallplpe. The reduced mass flow requires an increase in turbine pressure
ratio. (2} The chenge in thermodynsmic gas properties due to the penta-
borane fuel also resulte in an lncrease in turbine pressure ratio. The
coumbination of these effects causes a lowerling of turbine-outlet pres-
sure. The lower turbine-outlet pressure and reduced mass flow cause an

A7LE
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initial thrust loss of about 3.5 percent (fig. 12). An additional thrust
loss of 2.7 percent results from the effects of the reduced turbine-outlet
pressure on the tailpipe pressure loss. Thus the initial total thrust
loss with pentaborane fuel was about 6.2 percent. '

With continued operstion on pentaborane fuel the reductlion of turbine
efficiency caused further reductlon of turblne-outlet pressure with an ac-
companying increase in tailpipe pressure losses. After 20 minutes of
operation the total thrust loss increased to about 13.2 percent.

A portion of this 13.2 percent thrust decrement is potentially re-
coverable through englne component deslign. For instance, sbout 7 percent
of the thrust decrement might be recovered by the use of a turbine that
would result in a smaller reduction in turbine-outlet pressure with con-
tinued penteborane use. The initisl thrust loss due to thermodynamic
change in gas properties and change in mass flow at 1 minute in figure
12, however, 1s not recoverable. The use of an engine that operated with
a low turbine-outlet Mach number and the incorporation of a tailpipe de-
signed to have a minimum veriation of total-pressure loss for the range
of tallpipe Mach number encountered with pentaborane use would reduce the
thrust decrement attributed to taililplpe pressure loss in figure 12.

The specilfic fuel consumption (fig. 13) was reduced from 1.3 pounds
per hour per pound of net thrust with JP-4 fuel to gbout 0.93 with penta-
borane. The sgpecific fuel consumption increased somewhat durlng extended
operation with pentaborane and reflects the decrease in thrust shown in
figure 11. A meximum value of 0.98 was reached after sbout 14 minutes
of operetion.

SUMMARY OF RESULTS

A turbojet engline was operated for 22 minutes (three times longer
thaen previously reported) using pentaborane as the engine fuel. Although
the specific fuel consumptlon was reduced from 1.3 wilith JP-4 fuel to
0.98 with pentaborane, a 13.2-percent reduction in net thrust waes also
encountered. A portion of this thrust loss is potentlally recoverable
with proper design of the engine components.

The reduced rate of engine performance change after 22 mlnutes of
operation indicates that an equilibrium was approached between the dep-
osltion and erosion of the boron oxide within the engine, although the
performance losses of some of the engine components, such as the turbine,
did not increase significantly after about 12 to 14 minutes of operation.

Lewis Flight Propulsion Laborstory
National Advisory Committee for Aeronautlcs
Cleveland, Ohlo, March 19, 1956



8 L NACA BRM ES5LZS
APPENDIX A

SYMBOLS
The following symbols are used 1n this report:
A area, sq ft
Jet-thrust, 1b

¥, net thrust, 1b

acceleration due to gravity, ft/sec?

g

P total pressure, lb/sq £t

P static pressure, 1b/sq £t . _ .
R universal gas constant

T total tempersature, °R

V  velocity, £t/sec

wg airflow, 1b/sec

wp fuel flow, lb/hr
v gas flow, Ib/sec

T ratio of speclfic heats

s} retio of engine-inlet total pressure to total pressure st Mach number
of 0.8 and altitude of 50,000 £t

1| efficiency

6 ratio of engine-inlet total temperature to total temperature at Mach
nuber of 0.8 and altitude of 50,000 £t

Subscripts:
a sir

ac actual

YR
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b combustor

i idesl

T turbine

o free stream

1 engine inlet

3 compressor ocutlet

4 turbine inlet

S turbine outlet

9 exhaust-nozzle inlet
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APPENDIX B

METHOD OF CALCULATION
Engine-Airflow

The compressor-inlet alrflow was determined from measurements of the
total and static pressure and temperature at the engine inlet (atation 1).
Alr leakage from the compressor and air supplied to the fuel nozzles, tur-
bine, and special instrumentation were included in the calculation of the
accunulated alirflow.

Combustion Efficiency

The combustion efficiency of the engine combustor operating with
pentaborane was defined as

(Tg - T1)ac

where Tl was adjusted to account for the temperature of the alr bled

end added to the engine et the various locations. The ideal temperature
rise wag derived from unpublished data.

Turbine Effliclency

The turbine efflciency was calculated from

T = r-1

The ratio of specific heats y was computed as an aversge value across
the turbine for the gas with the boron oxlde present.

It should be recognized that the definition of turblne efficlency
involves the equation of state (pV = RT) and thus assumes that the fluid
under conslderation behaves as & perfect gas. The data of reference 3
indicate that upon formation during the combustion of boron compounds
the boron oxide particle may be a slze that—would permit Brownlian move-
ment and thus allow the oxlde particles to act as a perfect gas. This

B¥LE
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conditlion has been assumed to exist in the engine, although some error
may be introduced because of the larger particles that enter the stream
from the oxide that is accumulated on the engine surfaces. The number
of large particles entering the gas stream is considered negliglble.

Thrust

The Jet thrust was calculated from measurements of the weight flow
and tailpipe pressure uUsing the followlng equation:

LA
Fj ="g Vg +A9(Pg 'PO)

The net thrust was calculated by subtracting the adjusted inlet
momentum from the Jet thrust. When test conditions deviated from the
desired simulated flight conditions (flight Mach number, 0.8; altitude,
50,000 f£t), the data were adjusted by appropriate values of 8y 8and &g.

Adjustments were made in the thrust when the englne temperature ratio
deviated from 3.3.
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TABLE I. - UNCORREGTED ENGINE PERFORMANCE DATA FOR OFERATION WITH PENTABCRANE
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Instmmentation stations
1 3

Nl

Lanll I ad
Ste- Btatlc- Total- Total-
tion | pressure pressure tenperature

taps probee probes
| Engine inlet 1 8 24 12
Compressor outlet 3 2 12 12
Turbine inlet 4 - 20 56 _
Turbine outlet 8 - 20 )
Exhaust-nozrle iniet | 9 - 24 24

Figure 1. - Schematic sketch of twrbojet-engine installation.
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Atomizing air JP-4
Pentaborane

Figure 2. - Air-atomizing fuel nozzle used during pentaborans fuel test in full-
acale turbojet engine. Nozzle also provided for use of JP-4 fuel.
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Bolid depopite
Pantaborane

/

Atowizing air

Pertgborans

Flgure 5. - Boron oxide deposite om turbejet-engine fusl nozzle after 22
minntes of operaticn with psntaborans.
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(a) Cowbustion chawber with greater -deposits.

Figure 4. - Boron oxide deposits on turbojet-engine components after 22 minutes
of operation with pentaborane.



(b) Relatively cleen ocombusticn chember.

Figure 4. - Continued. Boron oxide deposite on turbojet-engine componeuts after
22 mimtes of operation with pemtaborane.
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(¢) Engins spark plugs.
Boron oxide deposits om turbojet-engine components after

22 mirmtes of operation with pentaborane,

Figura 4, - Contimed.
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(d) Combustor~-turbine trasnsition section.

Figure 4. - Continued. Borcon oxides depoeits on turhbolet-engina components aftar
22 mlmrtes of operatien wlth penteborans.
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(e) Turbine rotor.

Flgure 4. - Contimied. Boron oxlde deposits on turbojet-engine components after
22 minutes of—operation with pentaborene.
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{£) Tailpipe (locking upstrean).

Figure 4, - Contimed. Boron oxide deposits on turbojet-engins comporents afber
22 minntes of opsration with penteborans.
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(g) Exhsust nozzle.

Figure 4. - Concluded. Boron oxide deposits on turbojet-engine componante after
22 mimtss of operation with pentaborans.
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Figure 5. - Effect of cperation with pentsbeorans fuel on gas temperatures at turbine inlet. Turbojet-

engloe operation at simlated altitude of 50,000 feet; flight Mach number, 0.8; average turbine-inlet
ges temperature, 16200 F.
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Flgure 7. « Effect of operation with pentaborane fuel on turbine pesrformance.
Mach muber, 0.8.

Altitude, 50,000 feet; flight
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Figure 8. - Boron oxide flowing through turbine rotor section into

turbojet-engine tallpipe.



, percent

Tallpipe total-pressurae
Pg - Pg
P5

16

, CE-4 back -~ 5748

O Pentsborane
O Jp-4 fusl .
o
4 00 o] ¢
P—aC
9 oo h o0 Qo °
o)
o]
Beg
~O
0 2 4 6 A 10 12 14 18 18 20

Tims, min

Fgure 9. - Varlation of tailpipe total-presgure loss with extended cpersmtion with pentaborane fuel.
Altitude, 50,000 feet; flight Mach number, 0.8.
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Figure 10. - Effect of operation with penteborade fuel on engine total-preasure ratio.

feet; flight Mach number, 0.8; englne total-temperature ratio, 3.3.
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Figure 11. - Effect of operation with penteborene fuel on pet thrust. Altitude, 50,000 feety flight Mach
number, 0.8,
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Flgure 12. - Net-thrust loss encountered with use of pentaborane fuel.
Mach number, 0.B.

Altitude, 50,000 feet; flight
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Figure 13. - Effect of operation with pentaborane fuel on specific fuel consumption. Al-
titude, 50,000 feet; flight Mach nunber, (.8.
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